Introduction {#eji3771-sec-0010}
============

Rheumatoid arthritis (RA) is a criterion‐based disease, clinically subgrouped according to the occurrence of autoantibodies. The most common RA phenotype is characterized by presence of antibodies against citrullinated proteins (ACPAs) [1](#eji3771-bib-0001){ref-type="ref"}. RA patients with ACPA have long‐term bad prognosis with radiological erosions [2](#eji3771-bib-0002){ref-type="ref"}, [3](#eji3771-bib-0003){ref-type="ref"}. Type II collagen (CII) make up the major protein content in joint cartilage, and between 3 and 27% of RA patients have elevated levels of anti‐CII [4](#eji3771-bib-0004){ref-type="ref"}, [5](#eji3771-bib-0005){ref-type="ref"}. Anti‐CIIs are produced locally in synovial tissue and synovial fluid, but not in the circulation [6](#eji3771-bib-0006){ref-type="ref"}, [7](#eji3771-bib-0007){ref-type="ref"}. Serum levels of anti‐CII are highest around the time of RA diagnosis, and thereafter decline [8](#eji3771-bib-0008){ref-type="ref"}, [9](#eji3771-bib-0009){ref-type="ref"}, [10](#eji3771-bib-0010){ref-type="ref"}. We have described a distinct anti‐CII‐associated RA phenotype with early elevation of acute phase reactants and early joint erosions, in contrast to the ACPA‐positive phenotype associated with late occurrence of more inflammation and erosions in the same RA cohort [10](#eji3771-bib-0010){ref-type="ref"}, [11](#eji3771-bib-0011){ref-type="ref"}. As CII is a joint‐specific autoantigen, conditions are met for local production of anti‐CII ICs, and we have previously proposed a mechanism driving this early RA phenotype, whereby anti‐CII ICs stimulate mononuclear cells to produce proinflammatory cytokines from monocytes/macrophages via FcγRIIa [12](#eji3771-bib-0012){ref-type="ref"}.

In RA synovium there is a significant increase in leucocyte trafficking compared with the normal synovium [13](#eji3771-bib-0013){ref-type="ref"}. Polymorphonuclear granulocytes (PMNs) are important in acute inflammation and are abundant in inflamed synovial fluid [14](#eji3771-bib-0014){ref-type="ref"}, [15](#eji3771-bib-0015){ref-type="ref"}. PMNs are also found in the pannus tissue and thus in the vicinity of CII and locally formed anti‐CII IC [16](#eji3771-bib-0016){ref-type="ref"}. We recently showed that PMN reactivity against anti‐CII IC is more closely associated with joint erosions than are peripheral blood mononuclear cell (PBMC) cytokine responses [17](#eji3771-bib-0017){ref-type="ref"}. CXCL8 is a major factor in the recruitment of neutrophils to the joint. CXCL8 levels are elevated in the joints of RA patients, and we have previously shown that CXCL8 is produced by anti‐CII IC‐stimulated PBMC [18](#eji3771-bib-0018){ref-type="ref"}, [19](#eji3771-bib-0019){ref-type="ref"}. Other chemokines such as CCL5 (RANTES), CCL2 (MCP‐1), CCL3 (MIP‐1α),  and CXCL2 (GRO‐α) attract monocytes, memory T cells, and dendritic cells (DCs) [20](#eji3771-bib-0020){ref-type="ref"}. However, the mechanism behind the augmentation of chemokine levels in RA joints, responsible for leucocyte recruitment is not well known. In this paper, we describe a mechanism whereby joint‐specific anti‐CII ICs stimulate PMNs and PBMCs in synergy to increase chemokine production, thereby attracting inflammatory cells to the joints of patients with early RA.

Results {#eji3771-sec-0020}
=======

Selective enhancement of chemokines in anti‐CII IC‐stimulated cocultures {#eji3771-sec-0030}
------------------------------------------------------------------------

Anti‐CII IC stimulated PBMC+ PMN cocultures showed enhanced CXCL8 and diminished TNF‐α levels compared with anti‐CII IC stimulated PBMC cultures. This effect was specific for anti‐CII IC, as CXCL8 production was downregulated in cocultures stimulated with two control surface‐bound ICs, plate‐bound IgG and tetanus toxoid (TT) IC, compared with the corresponding PBMC cultures (Fig. [1](#eji3771-fig-0001){ref-type="fig"}A--D). Plate‐bound IgG followed by aftercoating with increasing concentrations of CII universally yielded downregulation of both CXCL8 and TNF‐α for all low CII concentrations, and a universal blocking of IgG‐mediated effects at higher CII concentrations (data not shown). TNF‐α downregulation was uniformly observed in cocultures irrespective of how cells were stimulated. Cell cultures with PMNs only generally produced insignificant amounts of cytokines.

Similar to CXCL8, RANTES and MCP‐1 were upregulated in anti‐CII IC‐stimulated cocultures, whereas GM‐CSF and IL‐1β followed the TNF‐α pattern with downregulation in cocultures. MIP1‐α and GRO‐α partly followed the other chemokines, as median levels were similar or higher in anti‐CII IC‐stimulated cocultures as in parallel PBMC cultures. All cytokines and chemokines were downregulated in cocultures stimulated with plate‐bound IgG (Fig. [2](#eji3771-fig-0002){ref-type="fig"}B and D). Levels of IL‐10, IP‐10, and fractalkine were generally below the measurement range in all cell cultures (data not shown).

Anti‐CII IC‐induced CXCL8 in cocultures depend on TLR4 and functionally active PMN enzymes {#eji3771-sec-0040}
------------------------------------------------------------------------------------------

After blocking TLR4, the augmentation of CXCL8 in anti‐CII IC‐stimulated cocultures was reversed for a downregulation as compared with PBMC cultures, whereas a control antibody had no effect (Fig. [1](#eji3771-fig-0001){ref-type="fig"}E and F). Both PBMC and coculture responses against anti‐CII ICs depended on TLR4, as anti‐TLR4 downregulated TNF‐α in both PBMC and PBMC + PMN cocultures, whereas only cocultures showed diminished CXCL8 levels after TLR4 blockade (Fig. [3](#eji3771-fig-0003){ref-type="fig"}A and B). When PBMCs and PMNs were individually treated with anti‐TLR4 before being merged in cocultures, TLR4 blockade was effective when treating PBMCs, but had no effect if only PMNs were treated (Fig. [4](#eji3771-fig-0004){ref-type="fig"}). TLR 4 blockade was only effective in anti‐CII IC‐stimulated cultures; no effect was noted in any cell cultures stimulated with surface‐bound IgG (Fig. [3](#eji3771-fig-0003){ref-type="fig"}C and D).

![Selective upregulation of CXCL8 by anti‐CII IC cocultures is suppressed by anti‐TLR4 and blocking of PMN enzymes. (A and B) PMN and PBMC were stimulated with plate‐bound IgG (P‐IgG), with HSA as control, or IC containing CII and anti‐CII antibodies (anti‐CII IC), with CII as control. PMN (N), PBMC (P), and PMN + PBMC cocultures (CoC) were investigated in parallel in 12 experiments with two donors each (total 24 donors). (A and B) Production of (A) TNF‐α and (B) CXCL8. TNF‐a (C) and CXCL8 (D) are shown for two more donors that were also stimulated with TT or anti‐TT IC. They were investigated in parallel to directly coated IgG and anti‐CII IC. The effect on (E) TNF‐α and (F) CXCL8 of TLR4 blockade (anti‐TLR4) with control antibody (ctrl ab) and the inhibition of elastase, cathepsins L and S (cathepsin), and MPO on PBMC (P) and PBMC + PMN cocultures (CoC) were investigated in four independent experiments with two donors each (total eight donors). Paired investigations were made with the Wilcoxon test.](EJI-46-2822-g001){#eji3771-fig-0001}

Inhibitors targeting the PMN enzymes elastase, myeloperoxidase (MPO) and cathepsins L and S abolished the CXCL8 upregulation in cocultures, and led to lower median CXCL8 levels in cocultures than in PBMC cultures, but without the total reversal noted after addition of anti‐TLR4 (Fig. [1](#eji3771-fig-0001){ref-type="fig"}F). PMN enzyme inhibitors did not change the downregulation of TNF in anti‐CII IC‐stimulated cocultures (Fig. [1](#eji3771-fig-0001){ref-type="fig"}E). Enzyme inhibitors targeting MPO and especially cathepsins had a certain general suppressive effect on cytokine responses (Fig. [1](#eji3771-fig-0001){ref-type="fig"}E and F).

Anti‐CII IC‐induced CXCL8 upregulation is not mediated via LPS contamination {#eji3771-sec-0050}
----------------------------------------------------------------------------

As we suspected that the TLR4‐mediated enhancement of chemokine levels in anti‐CII IC‐stimulated cocultures might be due to endotoxin contamination, we evaluated the endotoxin level in the commercially available CII preparation used. The undiluted commercial CII preparation used to prepare anti‐CII IC contained very low levels of endotoxin, 0.42 EU/mL, slightly above the level accepted in fluids uses to prepare hemofiltration fluids (0.25 EU/mL, data not shown). Anti‐CII IC‐stimulated cocultures with submaximal lipopolycaccharide (LPS) concentrations (100 pg/mL) did not show higher CXCL8 levels than PBMC cultures, neither if cultured on human serum albumin (HSA) or on CII surfaces without anti‐CII (i.e. without anti‐CII IC; Fig. [5](#eji3771-fig-0005){ref-type="fig"}A). The same result was also seen with 1000× higher LPS concentration (100 ng/mL, data not shown). Addition of LPS did not change the universal downregulation of TNF‐α in cocultures, although TNF levels were generally increased (Fig. [5](#eji3771-fig-0005){ref-type="fig"}A). LPS‐stimulated isolated cultures with PMNs only produced negligible cytokine levels (data not shown).

GM‐CSF partially mediate the anti‐CII IC‐induced CXCL8 enhancement in cocultures {#eji3771-sec-0060}
--------------------------------------------------------------------------------

GM‐CSF‐stimulated cocultures incubated on HSA surfaces or on CII surfaces (i.e. without anti‐CII) yielded increased CXCL8 levels compared with parallel PBMC cultures, whereas TNF‐α levels were generally increased but with maintained downregulation in cocultures (Fig. [6](#eji3771-fig-0006){ref-type="fig"}A and B). GM‐CSF‐stimulated PMNs alone produced negligible cytokine levels (data not shown). As we hypothesized that GM‐CSF might mediate the enhancement of CXCL8 production in anti‐CII‐IC‐stimulated cocultures, we performed neutralization experiments. A neutralizing antibody against GM‐CSF lowered the CXCL8 enhancement in anti‐CII IC‐stimulated cocultures, but did not totally abolish the increase in CXCL8 production (Fig. [6](#eji3771-fig-0006){ref-type="fig"}D), and had minimal effect on anti‐CII IC‐stimulated TNF‐α responses (Fig. [6](#eji3771-fig-0006){ref-type="fig"}C). When the same data were expressed as fold change in cocultures as compared with PBMC cultures, the effect of GM‐CSF neutralization was significant for CXCL8 but not for TNF‐α (Fig. [6](#eji3771-fig-0006){ref-type="fig"}E and F).

CXCL8 upregulation in cocultures is dependent on anti‐CII IC density {#eji3771-sec-0070}
--------------------------------------------------------------------

When anti‐CII‐positive sera from 13 RA patients were investigated in parallel, 8 of 13 sera induced CXCL8 enhancement in anti‐CII IC‐stimulated cocultures as compared with PBMC cultures (data not shown). We hypothesized that the CXCL8 enhancement in cocultures might depend on anti‐CII density in IC and performed titration experiments. At low anti‐CII densities, cocultures showed lower CXCL8 production than in corresponding PBMC cultures, but at anti‐CII densities corresponding to a coating concentration of 1 μg/mL or higher, the situation was reversed (Fig. [7](#eji3771-fig-0007){ref-type="fig"}B). For anti‐TT ICs and directly coated IgG, coculture CXCL8 levels were always lower than PBMC levels, even at antibody densities higher than those causing CXCL8 enhancement in anti‐CII IC‐stimulated cocultures (Fig. [7](#eji3771-fig-0007){ref-type="fig"}D and F). TNF‐α production was always higher in PBMC cultures than in cocultures for all antibody concentrations in all IC systems (Fig. [7](#eji3771-fig-0007){ref-type="fig"}A, C, and E).

Discussion {#eji3771-sec-0080}
==========

Surface‐bound ICs containing the joint‐specific autoantigen CII together with anti‐CII antibodies specifically upregulated the levels of the chemokines CXCL8, CCL5, and CCL2 in PBMC + PMN cocultures as compared with PBMC cultures, whereas the cytokines TNF‐α, IL‐1β, and GM‐CSF were downregulated. The effect depended on TLR4 ligation and functionally active granulocyte enzymes, and was partly mediated via GM‐CSF. The coculture‐dependent and TLR4‐dependent upregulation of chemokines was only found for anti‐CII ICs, and was absent using other surface‐bound ICs. When PBMC and PMN were individually treated with anti‐TLR4 before being merged in cocultures, only PBMC treatment was effective in downregulating CXCL8 production.

CII is an autoantigen with very narrow tissue distribution. Except for hyaline cartilage in joints, it is found in the ear, larynx, trachea, and vitreous of the eye [21](#eji3771-bib-0021){ref-type="ref"}. Anti‐CII are produced by synovial tissue and synovial fluid B lymphocytes from RA patients, but not in parallel blood samples [6](#eji3771-bib-0006){ref-type="ref"}, [7](#eji3771-bib-0007){ref-type="ref"}. Contrary to ACPA and rheumatoid factor serum levels that gradually increase during the years before RA onset [22](#eji3771-bib-0022){ref-type="ref"}, [23](#eji3771-bib-0023){ref-type="ref"}, anti‐CII levels are reported not to be elevated during the years before RA diagnosis [24](#eji3771-bib-0024){ref-type="ref"}. Such pre‐RA studies are however difficult to perform for infrequent RA‐associated autoantibodies such as anti‐CII, and the study by Möttönen et al investigated only 22 preillness sera, which probably is too low given the rarity of anti‐CII in early RA; in our previous study we found 8.8% positive, with 3.3% belonging to a very high outlier group [10](#eji3771-bib-0010){ref-type="ref"}. Anti‐CII levels peak around the time of RA diagnosis and thereafter decline [8](#eji3771-bib-0008){ref-type="ref"}, [9](#eji3771-bib-0009){ref-type="ref"}, [10](#eji3771-bib-0010){ref-type="ref"}, whereas ACPA levels change less after diagnosis. Thus both the specific autoantigen and autoantibodies are produced and present locally in the joints facilitating local IC formation, probably especially around the time of RA onset. Mononuclear cells and PMNs accumulate both in the synovial fluid and tissue, in close proximity to hyaline cartilage where anti‐CII ICs might form [14](#eji3771-bib-0014){ref-type="ref"}, [15](#eji3771-bib-0015){ref-type="ref"}, [16](#eji3771-bib-0016){ref-type="ref"}. Our findings therefore have a certain bearing on early RA patients where anti‐CII IC‐induced enhancement of CXCL8, RANTES, and CCL2 may attract both PMN, monocytes, memory T cells, and DCs and thereby amplify early joint inflammation [20](#eji3771-bib-0020){ref-type="ref"}. In Figure [8](#eji3771-fig-0008){ref-type="fig"}, we have summarized our view on how anti‐CII and ACPAs change during preillness years and during the first years after RA diagnosis based on own publications [3](#eji3771-bib-0003){ref-type="ref"}, [10](#eji3771-bib-0010){ref-type="ref"}, [22](#eji3771-bib-0022){ref-type="ref"} and the paper by Möttönen et al [24](#eji3771-bib-0024){ref-type="ref"}. The figure also summarizes how we envisage that anti‐CII ICs stimulate PBMC and PMN to produce chemokines and thereby attract a wide array immunological cell types by stimulating the production of many different chemokines, especially during the time of RA onset when anti‐CII levels peak.

RANTES and CCL2 operate in concert in RA joints and enhance the production of CXCL8 [25](#eji3771-bib-0025){ref-type="ref"}. RANTES and CCL2 also activate osteoclast differentiation and can enhance bone resorbtion [26](#eji3771-bib-0026){ref-type="ref"}. As we find both RANTES and CCL2 to be increased in anti‐CII IC‐stimulated cocultures, this might explain the association between elevated anti‐CII levels in early RA and anti‐CII IC‐stimulated PMN activation on one hand and joint erosions in anti‐CII‐positive early RA patients on the other, as we have shown previously [11](#eji3771-bib-0011){ref-type="ref"}, [17](#eji3771-bib-0017){ref-type="ref"}.

The CXCL8 enhancement in anti‐CII IC‐stimulated cocultures strictly depended on TLR4 ligation. Limulus tests showed that the CII preparation contained very low endotoxin levels, and addition of LPS could not induce CXCL8 enhancement in IC‐free systems, neither on HSA nor on CII surfaces. Thus, contaminating endotoxin is an unlikely TLR4 ligand in this case, implicating an endogenous TLR4 ligand in CII or in anti‐CII IC.

Prerequisites for TLR4 ligation in conjunction to IC exist in RA joints as TLR4 is upregulated in RA synovial tissue, cross‐talk between TLR4 and FcγRIII has been described both in macrophages and PMN, and TLR4 ligation increases FcγRIIa expression in PMN [27](#eji3771-bib-0027){ref-type="ref"}, [28](#eji3771-bib-0028){ref-type="ref"}, [29](#eji3771-bib-0029){ref-type="ref"}. Animal studies confirm the importance of TLR4 in IC‐induced arthritis [30](#eji3771-bib-0030){ref-type="ref"}.

The fact that only anti‐CII ICs but not two other surface‐bound control ICs mediated increase in CXCL8 levels in cocultures made us ask whether the combination of non‐CII‐specific surface bound antibodies in conjunction to surface‐bound CII would create similar results. This was not the case: the response against surface‐bound IgG was gradually blocked by increasing concentrations of CII added, with complete blocking of IgG‐mediated stimulation at the highest CII concentrations, but always with higher CXCL8 responses in PBMC cultures than in cocultures. Therefore, we cannot rule out the possibility that specific properties of anti‐CII in RA sera contribute to the enhancement of chemokine levels in anti‐CII IC‐stimulated cocultures. Such factors might, for example, be differences in glycosylation patterns, IgG subclass distribution, or even anti‐CII of other isotypes than IgG in the used serum samples, as the control used contained essentially only IgG. Physical characterization including, for example, surface plasmon resonance or quartz crystal microbalance with dissipation monitoring might also shed light on unique properties of anti‐CII IC as compared with other surface‐bound IC, but have not yet been performed. Due to shortage of high level anti‐CII sera, we have not been able to perform analyses with affinity‐purified anti‐CII IgG.

The universal TNF‐α downregulation in cocultures is probably due to degradation of monocyte‐derived TNF‐α by PMN enzymes, including elastase and cathepsin G, as previously shown [31](#eji3771-bib-0031){ref-type="ref"}, [32](#eji3771-bib-0032){ref-type="ref"}, [33](#eji3771-bib-0033){ref-type="ref"}. These studies solely focused on TNF degradation, and we are not aware of any literature investigating whether there are similar effects on CXCL8 or on other chemokines. It is anyhow intriguing that CXCL8 enhancement in anti‐CII IC‐stimulated cocultures is abrogated by PMN enzyme inhibition. Our data are however in agreement with a previous paper reporting that neutrophil elastase upregulated CXCL8 via TLR4, and that elastase‐induced CXCL8 production could be blocked with anti‐TLR4 antibodies [34](#eji3771-bib-0034){ref-type="ref"}. N‐terminal processing of chemokines by, for example, elastase and cathepsin G is also known to increase chemokine receptor affinity [35](#eji3771-bib-0035){ref-type="ref"}. We hypothesize that similar functions might be found also for cathepsins S and L and for MPO, where enzyme inhibition abrogated and almost reversed the anti‐CII IC‐induced CXCL8 enhancement in cocultures. It is however important to note that in our system, the chemokine upregulation was found only in PMN + PBMC cocultures; we never found any significant cytokine or chemokine production in any isolated PMN cultures.

Addition of GM‐CSF to cocultures without anti‐CII IC mimicked the CXCL8‐inducing effect of anti‐CII ICs, and neutralization of GM‐CSF in the anti‐CII IC system lead to a significantly decreased fold induction of CXCL8 in cocultures compared with PBMC cultures. We hypothesize that CXCL8 enhancement in cocultures is at least partly mediated via GM‐CSF, and interpret the lower GM‐CSF levels cocultures (Fig. [2](#eji3771-fig-0002){ref-type="fig"}D) as GM‐CSF consumption by PMNs.

![Selective upregulation of chemokines in anti‐CII IC‐stimulated cocultures. (A and B) Production of chemokines CXCL8, RANTES, MCP‐1, MIP‐1α, and GRO‐α and (C and D) cytokines TNF‐α, IL‐1β, and GM‐CSF after stimulation of PBMC (P) and PBMC + PMN cocultures (CoC) with (A and C) IC containing CII and anti‐CII (anti‐CII IC) and (B and D) plate bound IgG (P‐IgG). Data are pooled from four independent experiments with two donors each (total eight donors), but with ALBIA measurements performed in parallel. Paired investigations were made with the Wilcoxon test.](EJI-46-2822-g002){#eji3771-fig-0002}

Sokolove et al. showed that ACPA‐containing IC stimulated macrophage TNF‐α production via dual engagement of FcγR and TLR4 [36](#eji3771-bib-0036){ref-type="ref"}. In our system, TLR4 blockade downregulated TNF‐α production in both PBMC and cocultures, whereas CXCL8 levels diminished in cocultures but not in PBMC cultures (Fig. [3](#eji3771-fig-0003){ref-type="fig"}A and B). Thus TLR4 blockade had different effects on TNF‐α and CXCL8 production induced by anti‐CII IC. TLR4 blockade had no effect on cytokine production induced by irrelevant ICs, again showing the uniqueness of anti‐CII ICs. Due to short survival of PMNs, we have so far not been able to perform cytokine staining of cells in anti‐CII IC‐stimulated cocultures. Given the universally low production of cytokines in our PMN cultures, our hypothesis is that monocytes are the main cytokine producers in our anti‐CII IC‐stimulated cocultures [19](#eji3771-bib-0019){ref-type="ref"}. Our findings that only TLR4 blockade of PBMCs but not of PMNs suppressed the enhancement of CLXL8 production in cocultures (Fig. [4](#eji3771-fig-0004){ref-type="fig"}) is also an indirect argument that the major chemokine producing cells reside in PBMCs, and we have previously shown that monocytes are the main CXCL8 producers in anti‐CII IC‐stimulated PBMCs [19](#eji3771-bib-0019){ref-type="ref"}.

![Both PBMC and PBMC/PMN cocultures respond to anti‐CII IC but not to control IC in a TLR4‐dependent manner. (A and B) Effect of TLR4 blockade on the production of (A) TNF‐α and (B) CXCL8 from PBMC and PBMC + PMN cocultures (CoCulture) stimulated with anti‐CII IC. (C and D) Effect of TLR4 blockade on the production of (C) TNF‐α and (D) CXCL8 from PBMC and PBMC + PMN cocultures (CoCulture) stimulated with plate bound IgG (P‐IgG). Significance levels are shown between cell cultures treated with anti‐TLR4 antibodies or with control rabbit IgG (ctrl Ab). Data are from the eight donors also depicted in Figure [1](#eji3771-fig-0001){ref-type="fig"}C and D. Data were obtained in four experiments with two donors each (total eight donors). Paired investigations were made with the Wilcoxon test.](EJI-46-2822-g003){#eji3771-fig-0003}

![Upregulation of CXCL8 in anti‐CII IC‐stimulated cocultures is suppressed by selectively blocking anti‐TLR4 on PBMC (A and B) Effect on the production of (A) TNF‐a and (B) CXCL8 of selectively blocking TLR in the PBMC and PMN coculture compartments. PBMC and PMN were individually treated with anti‐TLR antibodies (TLR4) or control antibodies (ctrl) and thereafter washed before being merged into cocultures (CoC). In the first comparisons from the left both PBMC and PMN were treated with anti‐TLR4 (P + N), in the second only PBMC (P) and in the third only PMN (N). The following comparisons are controls, showing that the individual treatment/washing steps did not change the overall effect of anti‐TLR4 blockade in cocultures. Comparison was done also with PBMC cultures (P), to show that the experimental conditions yielded the awaited upregulation in anti‐CII IC‐stimulated cocultures. Data were obtained in two experiments with two donors each (total four donors).](EJI-46-2822-g004){#eji3771-fig-0004}

![The anti‐CII IC‐induced upregulation of CXCL8 in PMN + PBMC cocultures can not be mimicked by LPS. (A and B) Production of (A) TNF‐α and (B) CXCL8 from PBMC (P) or PBMC + PMN cocultures (CoC). The effects of LPS on surfaces of HSA or collagen type II (CII) are compared with stimulation by plate‐bound IgG (P‐IgG) or anti‐CII IC. Data are pooled from four experiments with four donors each (total 16 donors). Paired investigations were made with the Wilcoxon test.](EJI-46-2822-g005){#eji3771-fig-0005}

![GM‐CSF mimics anti‐CII IC‐induced CXCL8 enhancement in cocultures. (A and B) When GM‐CSF was added to cell cultures on HSA and CII surfaces without IC (A) TNF‐a production was downregulated and (B) CXCL‐8 production was upregulated in PMN/PBMC cocultures (CoC) as compared with PBMC cultures (P). (C and D) Neutralization of GM‐CSF (anti‐GM‐CSF) as compared with control antibody (ctrl Ab) diminished the (D) CXCL8 enhancement in anti‐CII IC‐stimulated cocultures (CoC) as compared with PBMC cultures (P), with no effect on (C) TNF‐α. (E and F) When the same data were expressed as fold change between cocultures and PBMC cultures, GM‐CSF neutralization significantly diminished production of (F) CXCL8 but not of (E) TNF‐α. Data are pooled from four independent experiments with two donors each (total eight donors), except for the addition of GM‐CSF on CII surface where five donors were investigated in two experiments. Paired investigations were made with the Wilcoxon test. The fold change was calculated as the ratio between cytokine production in cocultures and in PBMC cultures, and this ratio was compared between cultures with anti‐GM‐CSF and with control antibody.](EJI-46-2822-g006){#eji3771-fig-0006}

![Upregulation of CXCL8 in anti‐CII IC‐stimulated cocultures depends on high anti‐CII antibody density and is not seen for other IC. Effect of antibody density on the difference between PBMC and PBMC + PMN cocultures (Co‐culture) in production of TNF‐α and CXCL8. (A and B) Stimulation was done with anti‐CII containing IC (anti‐CII IC) with increasing antibody concentrations and responses were evaluated as production of (A) TNF‐a and (B) CXCL8. (C and D) Stimulation was performed with surface‐bound IC made with tetanus toxoid and anti‐TT antibodies (TT‐IC) and evaluated as production of (C) TNF‐a and (D) CXCL8. (E and F) Stimulation was performed with directly coated IgG (plate‐bound IgG) and evaluated as production of (E) TNF‐a and (F) CXCL8. Antibody density in all ICs had been normalized against a standard curve consisting of plate‐bound IgG as described in [17](#eji3771-bib-0017){ref-type="ref"}. Eight micrograms per milliliter of anti‐CII represents the highest anti‐CII concentration available. The results are from one of two experiments with similar results.](EJI-46-2822-g007){#eji3771-fig-0007}

![Proposed model of how PBMC and PMN interact to produce chemokines around the time of RA onset. Schematic figure showing how levels of anti‐CII change over time and the proposed model of how PBMC and PMN interact to produce CXCL8, RANTES, and MCP‐1 when stimulated with anti‐CII containing IC around the time of RA onset. Anti‐CII levels before RA diagnosis are based on [24](#eji3771-bib-0024){ref-type="ref"}, and after RA diagnosis on the mean of all anti‐CII‐positive individuals in [10](#eji3771-bib-0010){ref-type="ref"}. As comparison ACPA (anti‐CCP) levels before RA diagnosis are based on [22](#eji3771-bib-0022){ref-type="ref"} and after RA diagnosis show the mean of all ACPA‐positive individuals in [3](#eji3771-bib-0003){ref-type="ref"}, with the omission of one patient with extremely high and undulating ACPA values. The question mark and dotted lines denotes that the anti‐CII preillness study [24](#eji3771-bib-0024){ref-type="ref"} was based on very few individuals (*n* = 22) and data on anti‐CII before RA diagnosis therefore are uncertain.](EJI-46-2822-g008){#eji3771-fig-0008}

ACPA‐positive RA and anti‐CII‐positive RA represent two clinically distinct and partly reverse disease phenotypes. In three studies performed in the same RA cohort we have shown ACPA to be associated with increased signs of inflammation and radiological destruction rate after 1--5 years but not at RA onset. Anti‐CII‐positive patients on the other hand have increased laboratory signs of inflammation and more radiological destruction at the time of diagnosis, but not later. Anti‐CII‐positive patients also have shorter symptom duration at diagnosis, probably due to more intense disease onset [3](#eji3771-bib-0003){ref-type="ref"}, [10](#eji3771-bib-0010){ref-type="ref"}, [11](#eji3771-bib-0011){ref-type="ref"}. After RA diagnosis, serum anti‐CII levels and anti‐CII IC‐induced cytokine production decline in parallel to lowering of inflammatory markers, whereas ACPA levels remain rather stable or drop slightly over time in contrast to the parallel clinical worsening in ACPA‐positive patients examined in the same RA cohort [3](#eji3771-bib-0003){ref-type="ref"}, [10](#eji3771-bib-0010){ref-type="ref"}. Our data thereby tie temporal changes in anti‐CII autoantibody function to clinical RA phenotype in a unique way not seen for ACPA [10](#eji3771-bib-0010){ref-type="ref"}, [11](#eji3771-bib-0011){ref-type="ref"}, [17](#eji3771-bib-0017){ref-type="ref"}, [19](#eji3771-bib-0019){ref-type="ref"}. We believe that the collagen antibody induced arthritis (CAIA) rodent model where inflammation is detected already 5 days after anti‐CII injection, and that is aggravated by LPS, might be a counterpart to the acute onset pathology that we have described in anti‐CII‐positive RA patients [10](#eji3771-bib-0010){ref-type="ref"}, [37](#eji3771-bib-0037){ref-type="ref"}.

Although we do not know the exact TLR4 ligand in CII, it is most probably not a citrullinated epitope, as we have shown ACPA and anti‐CII to be inversely related, with many highly ACPA‐positive patients being anti‐CII negative [10](#eji3771-bib-0010){ref-type="ref"}.

In our in vitro system, the anti‐CII IC‐dependent enhancement of CXCL8 in cocultures depends on high anti‐CII density. Anti‐CII are produced by joint B cells as detected by ELISPOT on cells from synovial tissue and synovial fluid, whereas parallel investigations showed no anti‐CII production from peripheral B cells or nondetectable anti‐CII serum levels [6](#eji3771-bib-0006){ref-type="ref"}, [7](#eji3771-bib-0007){ref-type="ref"}. Therefore, we hypothesize that locally produced anti‐CII to a large extent are directly bound to CII epitopes exposed in joint cartilage, and that anti‐CII levels in serum represent the excess spilling over to the circulation. Therefore, high density of anti‐CII in IC might be acquired locally in joints without elevated serum anti‐CII levels, implying that our findings can be of clinical significance in far more arthritic individuals than in the small group of RA patients with elevated serum levels of anti‐CII [11](#eji3771-bib-0011){ref-type="ref"}. Our current data do however implicate anti‐CII in the early onset pathology only in a small subset of RA patients, and not to be involved in RA pathogenesis in general.

In a previous study, we investigated TNF production induced by polyethylene glycol‐precipitated ICs from RA synovial fluids [12](#eji3771-bib-0012){ref-type="ref"}. There was a nonsignificant (*p* = 0.06) trend for higher TNF production by PEG‐precipitated serum ICs from RA patients compared with controls, but significantly higher induction by ICs from RA synovial fluids, where TNF induction correlated to rheumatoid factor (but interestingly enough not to ACPA) levels, and to number of swollen and tender joints. Before establishing the currently used approach with surface‐bound CII‐containing ICs, we tried to make soluble CII‐containing ICs, but failed. However, we plan to investigate content of CII and anti‐CII in soluble ICs purified from RA synovial fluids. It might also be that many central findings in our surface‐bound IC systems in our present paper are not reproducible using soluble ICs, as they might depend on frustrated phagocytosis induced by the nonphagocytable ICs in our system.

We conclude that anti‐CII ICs induce a specific enhancement of levels of several chemokines in PBMC + PMN cocultures, via a mechanism dependent on TLR4, functionally active PMN enzymes, and GM‐CSF. As anti‐CII ICs are formed locally in the joints, this represents a mechanism that can attract a wide array of inflammatory cells to the inflamed joints and intensify the acute onset RA phenotype associated with anti‐CII. Targeting TLR4, PMN function and GM‐CSF might be used as means to suppress joint inflammation early in arthritis.

Materials and methods {#eji3771-sec-0090}
=====================

Patients and cell donors {#eji3771-sec-0100}
------------------------

Sera from 13 anti‐CII‐positive RA sera from Karolinska University Hospital were used [11](#eji3771-bib-0011){ref-type="ref"}, [19](#eji3771-bib-0019){ref-type="ref"}. Most anti‐CII IC stimulations were done with an RA serum containing 8 μg/mL of anti‐CII as previously determined [17](#eji3771-bib-0017){ref-type="ref"}. Heparinized blood from healthy laboratory personnel and blood donors at Uppsala University hospital was used as responder cells. All subjects had given informed consent and the studies have been approved by the regional ethical boards in Uppsala and Stockholm.

Cell purification and IC stimulation {#eji3771-sec-0110}
------------------------------------

PBMC and PMN were immediately isolated using Ficoll (GE Healthcare, Uppsala, Sweden) as described previously [17](#eji3771-bib-0017){ref-type="ref"}. Purity of PBMCs and PMNs was checked by Türk\'s solution and was always \>95%. Not more than 2% PMN were found in PBMC cultures, and not more than 2% PBMC were found in PMN cultures, remaining impurities representing erythrocytes. Viability (tryphan blue or flow cytometry using propidium iodide (PI) with comparable results) was ≥92% and ≥95% for PMNs and PBMCs, respectively. Surface‐bound anti‐CII ICs were prepared as previously described [17](#eji3771-bib-0017){ref-type="ref"}. Briefly, 50 μL of human native collagen type II (ELISA grade; Chondrex, Redmond, WA, USA), 10 μg/mL in PBS, was coated on Maxisorb ELISA plates (Nunc, Roskilde, Denmark) and incubated at +4°C overnight. After blocking the plates with 100 μL of 1% HSA (Alburex CSL Behring, Stockholm, Sweden) in PBS, 50 μL of an RA serum containing 8 μg/mL of anti‐CII antibodies was added, and incubated for 2 h at room temperature. Wells coated with CII and blocked with HSA but without any anti‐CII antibodies were used as control wells in these experiments. Two CII‐unrelated surface‐bound ICs were used as comparators: human polyclonal IgG, 8 μg/mL (Privigen; CSL Behring) directly bound to Maxisorb ELISA plates followed by HSA blocking, and with only HSA‐blocked wells as controls; and TT, obtained from Statens Biologiska Laboratorium, Stockholm, Sweden 5 flocking units, approximating 10 μg/mL coated to identical ELISA plates, followed by addition of an anti‐TT hyperimmune serum (Tetagam, CSL Behring). In the latter setup, TT‐coated and HSA‐blocked plates without any serum added were used as control, as almost all Swedes are tetanus vaccinated. To compare the effect of antibody density in different surface‐bound ICs, serially diluted IgG, anti‐CII and anti‐TT was added to empty ELISA wells, or wells coated with fixed concentrations of CII and TT, respectively, according to above, after adjusting levels of the specific antibodies to standard curves with directly coated plate‐bound IgG of known concentration, as previously described [17](#eji3771-bib-0017){ref-type="ref"}. Individual PMN and PBMC cultures contained 0.5 × 10^6^ cells/mL, whereas cocultures contained 0.5 × 10^6^ cells each of PBMC and PMN/mL. All cell cultures were stimulated for 18 h at 37°C in a cell incubator before collection of supernatants for cytokine and chemokine measurements.

TLR4 blocking and PMN enzyme inhibition experiments {#eji3771-sec-0120}
---------------------------------------------------

PMN enzyme inhibition was performed by incubating cells with inhibitors against cathepsin S and cathepsin L (cathepsin1 inhibitor 100 nM), MPO (500 nM), and neutrophil elastase (100 nM) for 15 min before adding to the IC plates. All enzyme inhibitory peptides were bought from Merck Chemicals and Life Sciences, Stockholm, Sweden.

For TLR4 blockade, 10 μg/mL of a polyclonal rabbit anti‐TLR4 antibody or control rabbit IgG (both from Invivogen, Toulouse, France) was added to PBMCs and cocultures for 15 min before adding to the IC plates. In the experiments shown in Fig. [4](#eji3771-fig-0004){ref-type="fig"}, PBMCs, PMNs, or both were individually incubated with anti‐TLR4 or control antibody, thereafter washed and subsequently added in cocultures. The washing step per se did not change the effect of TLR4 blockade (Fig. [4](#eji3771-fig-0004){ref-type="fig"}).

LPS and GM‐CSF stimulation {#eji3771-sec-0130}
--------------------------

Sub‐maximal TNF responses by PBMC had been titrated between 100 ng/mL and 0 ng/mL of LPS (Sigma Aldrich, Stockholm, Sweden), and the concentration 100 pg/mL was chosen and added to purified PMNs, PBMCs, or cocultures before addition to HSA or CII surfaces. Some experiments were also performed with a conventional 1000× higher LPS concentration (100 ng/mL). A kinetic chromogen limulus amebocyte lysate test (Endochrome‐K, Charles River, Wilmington, MA) was performed to evaluate endotoxin contamination in CII.

GM‐CSF (R&D Biosciences, Abingdon, UK; 10 ng/mL) was added to PMNs, PBMCs, and cocultures. For GM‐CSF neutralization, 0.5 μg/mL of polyclonal goat anti‐GM‐CSF or control normal goat IgG (both from R&D) was added to cell cultures. For both GM‐CSF stimulation and GM‐CSF neutralization, reagents were added directly after introduction of cell cultures on IC plates, and incubated for 18 h before harvesting.

Cytokine and chemokine assays {#eji3771-sec-0140}
-----------------------------

Cytokine ELISAs were performed as previously described for TNF‐α [10](#eji3771-bib-0010){ref-type="ref"}, [12](#eji3771-bib-0012){ref-type="ref"}. All antibodies and cytokine standards were purchased from R&D Biosciences. For CXCL8, the capture antibody was mouse monoclonal antibody MAB208 (2.0 μg/mL), and the detection antibody was biotinylated polyclonal goat antibody BAF208 (0.1 μg/mL). CXCL8, CCL5 (RANTES), CCL2 (MCP‐1), CCL3 (MIP‐1α), CXCL2 (GRO‐α), fractalkine, IP‐10, IL‐10, GM‐CSF, ΤΝF‐α, and IL‐1β were measured in parallel in cell cultures from eight donors with a customized chemokine‐focused addressable laser bead immunoassay (ALBIA; Millipore, Stockholm, Sweden) and analyzed on a Bio‐Plex Magpix Reader (Bio‐Rad, Berkeley, CA, USA).

Statistical analyses {#eji3771-sec-0150}
--------------------

As anti‐CII are dichotomously distributed in RA, we used the nonparametric Wilcoxon test for paired statistics. In GM‐CSF neutralization experiments, the fold change was calculated as the ratio between cytokine levels in cocultures and in PBMC cultures, and this ratio was compared between cultures with anti‐GM‐CSF and with control antibody. *p*‐values \<0.05 were considered significant.
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